Viscoelastic fluids impact the locomotion of swimming microorganisms and can be harnessed to devise new types of self-propelling devices. Here we report on experiments demonstrating the use of normal stress differences for propulsion. Rigid dumbbells are rotated by an external magnetic field along their axis of symmetry in a Boger fluid. When the dumbbell is asymmetric (snowman geometry), non-Newtonian normal stress differences lead to net propulsion in the direction of the smaller sphere. The use of a simple model allows to rationalise the experimental results and to predict the dependence of the snowman swimming speed on the size ratio between the two spheres.
I. INTRODUCTION
As a difference with well-studied Newtonian fluids, the rheological behaviour of complex fluids is often non-Newtonian and, with stresses no longer proportional to the instantaneous value of the shear rate, remarkable new physics emerge [1] . Well-studied examples of complex fluids include polymers solutions [2] , polymer melts [3] , colloidal suspensions [4] , gels [5] and liquid crystals [6] . The mathematical modelling of the behaviour of complex fluids involves the combination of kinetic theory describing the microscopic thermodynamics of individual constituents in the solvent [5, 7] along with the new fluid mechanics which results from it [8] [9] [10] [11] .
After many years of research on the physics of complex fluids, recent efforts have focused on their impact in biological systems and in particular on the locomotion of small organisms [12] . For example, spermatozoa have to swim in cervical mucus, a complex fluid with a relaxation time on the order of seconds [13] , much larger than the typical oscillation time scale of a spermatozoon and its flagellum [14] . As a result, the flagellar waveforms of spermatozoa are impacted by non-Newtonian stresses and they differ significantly from those observed in Newtonian fluids [15] . Theoretical efforts in the context of elastic fluids have allowed to compute leading-order hydrodynamic forces on beating flagella [16] , their impact on the beating waveforms [17] and on cell locomotion [18] [19] [20] . Later work showed that the coupling between the flexibility of the swimmer and the stresses in the fluid could lead to both hindered and enhanced locomotion [21, 22] . Collective effects are also affected and interactions of spermatozoa in mucus leads to long-lived clusters [23] . Even in the absence of elastic stresses, shear-thinning rheology impacts waving locomotion [24] .
Although spermatozoa have received the biggest share of research, other small swimming organisms have been shown to be affected by complex fluids. Nematodes [25, 26] , algae [27] and bacteria [28] [29] [30] exhibit a different behaviour when swimming in polymeric fluids. Some changes in the swimming motion can be in part explained by the ability of the cells to push against the microstructure [31] [32] [33] and by the presence of length scales in the fluid comparable to, or larger than, the cell size [34] . A boost in locomotion is also possible due to polymer depletion near the swimmer and resulting apparent fluid slip [35, 36] . A commonly used model for microorganism locomotion is the spherical squirmer [37] whose swimming has been shown to be significantly affected by viscoelasticity [38, 39] . More broadly, suspensions of swimmers behave as complex fluids themselves as shown experimentally for bacteria [40, 41] and algae [42, 43] , and rationalised theoretically [44, 45] .
Beyond their impact on the biological world, complex fluids also affect artificial swimmers. Flexible filaments oscillated externally using magnetic fluids can swim faster in Boger fluids [46] in a manner which depends on the kinematics of their deformation [47] . More importantly, the nonlinearities offered by non-Newtonian flows can be exploited to induce novel propulsion modes and design new types of swimmers [48] . Rigid helices rotated externally and unable to move in water can swim efficiently in a gel [49] . The time-reversibility constraints of Stoke flows can be bypassed and shear-dependent viscosity used to generate net forces from time-reversible forcing [50] . Propulsive forces can also result from the secondary flows induced by non-Newtonian normal stress differences [51] [52] [53] [54] . Secondary flows have been long recognized as an important feature of viscoelatic flows [9] ; however, they have only been studied for a few canonical cases.
In this work we report on experiments demonstrating the use of normal stress differences for propulsion following the theoretical proposal of Ref. [53] . We use rigid dumbbells rotated by an external magnetic field along their axis of symmetry in a Boger fluid. By symmetry, no motion is induced for symmetric dumbbells but when the shape of the dumbbell is asymmetric (snowman geometry), non-Newtonian normal stress differences lead to net propulsion.
The use of a simple model allows to rationalise the experimental results and to predict the dependence of the snowman swimming speed as a function of the size ratio between the two spheres [53] . Note that a similar configuration was studied in Ref. [55] ; however, in their case, the dumbbell was composed of two equal-sized spheres and the propulsion resulted from heterogeneities of the media.
The paper is organised as follows. In §II we introduce the experimental setup, the dumbbells used for the locomotion, and characterise the rheological properties of the fluids used.
We present our experimental results in §III and compared them with the model of Ref. [53] in §IV. A conclusion and perspectives are offered in §V. We use the magnetic setup developed in Ref. [56] , which is a device capable of producing a magnetic field of uniform strength 6 mT and rotated mechanically. The dumbbells were placed inside a rectangular tank (160 mm × 100 mm × 100 mm) that fit into the region of uniform magnetic field inside the coils of approximately (100 mm) 3 in size where the test fluids were contained. In this configuration, the ratio of the large sphere to the containing walls was 0.09; the wall effects are therefore small but finite.
II. EXPERIMENTAL SETUP AND TEST FLUIDS
The spheres in the dumbbells were made out of plastic and we inserted inside them a permanent magnet (Magcraft, models NSN0658). In all cases, the angular frequency of the rotating coils was below the step-out frequency [56] and the dumbbells rotate at the same rate as the external magnetic field. The swimmers were nearly neutrally buoyant; the effective density was adjusted by filling up the cavity (where the permanent magnet was inserted) with small amounts of the test liquid.
In order to achieve locomotion in the viscoelastic fluid, the sphere-sphere arrangement had to be made of spheres with unequal sizes (snowman configuration). Five dumbbells were considered, varying the diameter ratio D * = D S D L from 0 to 1. The dimensions for each dumbbell are shown in Table I . The motion of the dumbbell was filmed and its position was tracked in time. Two types of fluids were fabricated, tested and used. One was Newtonian (N) and used as a reference fluid while the other was a Boger-type fluid (B) with a nearly constant shear viscosity and viscoelastic properties [57] . The B fluid was fabricated by dissolving polyacrylamide (PAA, molecular weight 5×10 6 g/mol) in non-ionic water at a slow mixing PAA. The liquid was left in repose for two weeks previous to testing.
The rheological properties were determined in an Anton Paar rheometer (stress controlled and cone-plate geometry). All physical and rheological properties of both fluids are summarised in Table II . Steady shear tests were conducted, within the range of shear rates within 1 <γ < 100 s −1 , to determine the shear viscosity and the first normal stress difference.
All tests were conducted at T = 23 ○ C. The results of the rheological tests are shown in Fig. 2 (filled symbols). After the shear viscosity of the B fluid was determined, the N fluid was prepared by adding water to glucose until the viscosity was matched to that of the B fluid.
The N fluid was left standing for 24 hours prior to testing. The shear viscosity of the N fluid is also shown in Fig. 2 (empty circles) .
The viscosity measurements show that the B fluid has a nearly constant viscosity, η, for shear ratesγ < 30 s −1 . Fitting the data to a power-law model as 
where η o = η p + η s is the total viscosity (where η p and η s are the polymer and solvent viscosities, respectively), β = η s η o is the ratio of solvent to total viscosities and λ is the 
where ω is the rotational speed of the swimmer. For the experiments reported here the maximum De number was 15. The Reynolds number, defined as
had a maximum value of 0.11. For this range of values of Re and De we can assert that the elastic effects dominate, De Re > 5. Note that, since the flow is induced by rotation, a rotational Reynolds number can also be considered
For the range of parameters tested in this study, Re ω < 4.5, for which the inertial forces are no longer negligible. However, the ratio De Re ω = 3.5 (independent of ω) which indicates that the elastic effects remain dominant. For the case of particles in a viscoelastic fluid, flowing a tube, work in Refs. [59, 60] has shown that for De Re > 1 the flow is dominated by elastic effects even with finite inertia. Since this is the limit we are in, the results we obtain are primarily due to fluid elasticity.
III. EXPERIMENTAL RESULTS
The velocities of the dumbbells were measured in both fluids for the range of rotational speeds indicated above. The results are shown in Fig. 3 with empty symbols used for the data in the Newtonian fluid (N) and the solid symbols for the Boger viscoelastic fluid (B).
First, we tested the limiting case D * = 0, corresponding to the limit where the dumbbell is in fact a single sphere. By symmetry a single rotating sphere is not expected to swim in either fluid, as confirmed experimentally (circular symbols). Similarly, the dumbbell with D * = 1 (formed by two equal spheres) should not self-propel in any fluid because, again, it is symmetric. This is also confirmed by our measurements (square symbols) The most important result, which confirms the fundamental idea of this paper, is the non-zero swimming speed measured for case of dumbbells in an asymmetric snowman configuration when immersed in the Boger fluid. In the three cases, the swimming speed is found to monotonically increase with the angular velocity ( Fig. 3, filled symbols) . The direction of motion is always in the direction from the largest to the smaller sphere, as expected from the difference in viscoelastic force between large and small spheres explained below. We next plot in Fig. 4 the normalized swimming speed, U * = 2U (ωD L ), as a function of the Deborah number, De (for clarity we only display the case for D * = 0.64, the others being similar).
This dimensionless swimming speed increases with Deborah number, reaches a maximum value after which it decreases, in qualitative agreement with Ref. [53] . It is notable that the swimming speeds in both the experiments and the model have a maximum for a certain value of the Deborah number, despite the fact that the model is expected to be valid only for small De. We also note that for small values of De the swimming speed increases linearly with De, in agreement with the analytical calculation in Ref. [53] . The dashed line in the plot shows the trend U * ∼ De, showing the good agreement.
As was demonstrated by Pak et al. [53] , the swimming speed of snowmen is maximized for a specific ratio of sphere sizes (D * ≈ 0.5 in that work). The existence of an optimum is a simple consequence of the fact that no swimming is obtained in the limits D * = 0 or 1 and therefore maximum swimming is obtained at some intermediate value of D * . To demonstrate the existence of an optimal size ratio in our experiments, we plot in Fig. 5 our results of the normalized swimming speed as a function of size ratio, D * , for the value De = 10 at which the speed was maximum. Although only five data points are available, the existence of an optimal size ratio is clear. Among our experiments, the snowman with D * = 0.64 has the largest dimensionless speed. imentally. We can compare our measurements to the mathematical model derived by Pak et al. [53] . Balancing the net viscoelastic force resulting from the difference between the secondary flows induced by the two spheres (evaluated analytically in the small-De limit)
with the viscous drag on the dumbbell leads to a prediction for the swimming speed U as
where De is de Deborah number (defined in Eqn. 3) and β is the ratio of solvent to total viscosities (see Table II ).
In Fig. 5 the prediction from Eq. (6) is shown, for De = 10 and using the value β = 0.1149 from Table II , along with the experimental measurements. Given that the model has no fitting parameters, and although it is valid only in the limit De ≪ 1, the agreement with the experimental measurements is very good.
V. CONCLUSIONS
Motivated by a recent theoretical proposal, we carried out experiments demonstrating the use of normal stress differences for propulsion. Rigid dumbbells were rotated by an external magnetic field along their axis of symmetry in a constant-viscosity viscoelastic fluid. When the shape of the dumbbell is asymmetric (snowman geometry), normal stress differences lead to a net propulsion in the direction of the smaller sphere. The use of a simple mathematical model developed in the limit of widely-separates spheres allows to the rationalize the experimental results by predicting the dependence of the snowman swimming speed on the size ratio between the two spheres. Although the model is only valid for asymptotically small values of the Deborah number, the good agreement obtained between experiments and theory indicates that it is able to capture the relevant physics, namely propulsion induced by secondary elastic flows. Of course, it is well known that many mathematical models derived in a specific asymptotic limit continue to be semi-quantitatively correct outside their domains of validity. The good agreement demonstrates that the model is robust and its use and validity should be explored further.
The results in this paper are valuable because they confirm experimentally an important idea: the viscoelastic nature of a complex fluid can be exploited in a useful manner. In general, the elastic flow effects are considered a negative feature since their implications are often unclear and detrimental. In this case, however, elasticity leads to a clear, measurable and well characterized effect: net propulsion resulting from geometrical asymmetry.
Such an effect can give rise to micro-swimmers that can propel themselves in biological fluids (most of which are viscoelastic) for biomedical applications, without complex actuation mechanisms. Other similar attempts with equal-sized-sphere dimers were observed to swim in heterogenous viscoelastic media [55] , but their maneuverability could not be fully controlled. In contrast, for the snowman configuration proposed here, the displacement will always occur in a known direction. Furthermore, as original hypothesised by Pak et al. [53] , the measurement of rheological properties of viscoelastic liquids, which remains a technical challenge, could be determined directly from the speed of asymmetric swimmers since there is a direct link between rheology and propulsion characteristics. Finally, the asymmetries of flow configurations could also be used to induce elastic effects in a controlled fashion, for fundamental fluid mechanic studies. We plan to pursue some of these ideas in the future.
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